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SUMMARY
This work examines the effects of radiation and strain on silicon-germanium (SiGe)
heterojunction bipolar transistor (HBT) BiCMOS technology. First, aspects of the various
SiGe HBT BiCMOS technologies and the device physics of the SiGe HBT are discussed.
The performance advantages of the SiGe HBT over the Si BJT are also presented.
Chapter II offers a basic introduction to key radiation concepts. The space radiation
environment as well as the two common radiation damage mechanisms are described. An
overview of the effects of radiation damage on Si-based semiconductor devices, namely
bipolar and CMOS, is also presented.
Next, the effects of proton and gamma radiation on a new first-generation SiGe HBT
technology are investigated. The results of a differential SiGe HBT LC oscillator subjected
to proton irradiation are also presented as a test of circuit-level radiation tolerance. Finally,
a technology comparison is made between the results of this work and the three different
previously reported SiGe technologies. All reported SiGe HBT technologies to date show
acceptable proton radiation tolerance up to Mrad levels.
Chapter IV investigates the effects of effects of mechanical planar biaxial strain in SiGe
HBT BiCMOS technology. This novel strain method is applied post fabrication, unlike
many other straining methods. We report increases in the nFET saturated drain current,
transconductance, and effective mobility for an applied strain of 0.123%. The pFET device





Silicon-germanium (SiGe) heterojunction bipolar transistor (HBT) BiCMOS technology
offers significant performance enhancement over silicon (Si) bipolar technology. The com-
bination of the high performance of the SiGe HBT with state-of-the-art CMOS provides
several advantages over III-V semiconductors for mixed-signal applications, such as lower
cost, ease of CMOS integration, and higher yield. SiGe BiCMOS technology gives device
and circuit designers flexibility on several levels [1]. Device designers can use the SiGe
HBT to achieve frequencies that are impossible to attain in Si technologies. Circuit de-
signers can trade the SiGe HBT’s excess gain-bandwidth for other key figures-of-merit in
a given application, such as low power or low noise.
Designers of RF and microwave circuits for spaceborne satellite systems are increas-
ingly using high performance terrestrial devices as opposed to radiation-hardened devices
in their designs as a cost saving measure [2]. Radiation testing and hardness assurance of
such devices is a necessity before they are subjected to the harsh radiation environment of
space. Previous reports indicate that SiGe BiCMOS technology is quite tolerant to various
types of radiation and is a viable candidate for high-speed, low-cost space applications [3].
Thus, the results of space qualification testing on new SiGe technologies is of great interest
to the space community.
Dimensional scaling of CMOS technology has long yielded enhanced device perfor-
mance, higher MOSFET packing density, and most importantly lower cost. However, today
as scaling becomes increasingly difficult and expensive, other alternatives to dimensional
scaling are being investigated. Strained silicon (Si) is garnering attention because of the
1
substantial enhancements in carrier mobility observed in this material. Strained Si CMOS
has presented itself as a feasible way of enhancing the device performance without scaling
the device dimensions.
This thesis investigates the effects of radiation and strain on various SiGe HBT BiC-
MOS technologies. The proton and gamma radiation tolerance of a new commercial SiGe
HBT is investigated for the first time. This work also examines the impact of irradiation
substrate bias on proton damage in 130 nm CMOS technology. Finally, the effects of me-
chanical planar biaxial tensile strain applied, post fabrication, to SiGe HBT BiCMOS tech-
nology are investigated. Results presented in this thesis have been presented at the 2004
Topical Meeting on Silicon Monolithic Integrated Circuits in RF Systems. This work has
also been accepted for publication in Solid-State Electronics under the title “The Effects of
Mechanical Planar Biaxial Strain in Si/SiGe HBT BiCMOS Technology” [4]. The results
of proton damage in 130 nm CMOS will be presented at the 2005 IEEE Radiation Effects
Data Workshop [5]. The results of the proton and gamma radiation investigation on a new
SiGe HBT will be submitted to Solid-State Electronics [6].
1.2 SiGe HBT BiCMOS Technology
SiGe HBT BiCMOS technology is widely recognized as a suitable candidate for a host of
analog, digital, and RF through mm-wave circuit applications. This technology also com-
bines SiGe HBTs with state-of-the-art CMOS. The SiGe HBT uses bandgap engineering
to achieve III-V like performance while maintaining compatibility with conventional Si
CMOS manufacturing. This technology allows for system-on-a-chip (SoC) integration.
A SiGe HBT is formed by introducing a SiGe epi layer into the base of a Si bipolar
junction transistor (BJT). This layer typically consists of a Si buffer, boron-doped graded
SiGe alloy active layer, and a Si cap. A significant difference between the SiGe HBT and
a Si BJT is the fact that epitaxial growth allows the base to be more heavily doped at a
given base width which leads to lower base resistance and improved dynamic response [3].
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Figure 1: Representative SIMS profile for a first generation SiGe HBT.
Figure 1 depicts a SIMS doping and Ge profile for a representative first generation SiGe
HBT.
Several SiGe HBT BiCMOS technologies are investigated in this work. The first is the
National BiCMOS8 SiGe HBT process technology, which is a new commercial offering.
This first-generation SiGe HBT BiCMOS technology is a six metal layer process comprised
of standard and high breakdown SiGe HBTs, along with low and high voltage CMOS, and a
variety of passive elements. This process, as with most SiGe HBT technologies, features a
self-aligned emitter-base junction, in-situ doped polysilicon emitter, and shallow and deep
trench isolation. A schematic cross-section is shown in Figure 2 and a SEM cross-section
is depicted in Figure 3. The standard high-performance SiGe HBT in this process has a 0.4
µm emitter stripe width, achieves a peak fT of 60 GHz, a peak fmax of 60-70 GHz, and
a BVCEO of 3.3V. The low voltage CMOS has a minimum length of 0.24 µm with 2.75V
VDD and the high voltage CMOS features a minimum length of 0.4 µm with 3.6V VDD.
3
Figure 2: A schematic device cross-section of the National BiCMOS8 SiGe HBT.
Another first generation technology used in this work is the IBM 5HP technology,
which is a three metal layer process that integrates nominal and high breakdown SiGe
HBTs with 0.35 µm CMOS, and also includes RF passives elements. The nominal break-
down SiGe HBT features a 0.5 µm drawn emitter stripe width, 47 GHz peak fT , 69 GHz
peak fmax, and a BVCEO of 3.3V. The CMOS has an effective length of 0.35 µm with 3.3V
VDD [7]. The third SiGe BiCMOS technology investigated is the second generation IBM
7HP. This is a laterally and vertically scaled version of the 5HP technology with full copper
metalization. This process combines a 0.2 µm drawn emitter width, BVCEO of 2.5V, peak
fT of 120 GHz, and peak fmax of 100 GHz SiGe HBT with three distinct 0.18µm Si CMOS
device versions. The nominal threshold voltage and high threshold voltage have minimum
length of 0.18 µm with 1.8V VDD, and the thick oxide CMOS has a minimum length of
0.3 µm with 3.3V VDD[8]. A schematic cross-section of the SiGe HBT and CMOS devices
(nFET) is depicted in Figure 4.
A fully-integrated third generation 200 GHz SiGe BiCMOS technology (IBM 8HP)
is also investigated. This process incorporates a 0.12 µm drawn emitter stripe width, 207
4
Figure 3: SEM device cross-section of the National BiCMOS8 SiGe HBT.
GHz fT , 285 GHz fmax, and 1.7V BVCEO SiGe HBT with 130 nm Si CMOS technology
(having an effective minimum gate length of 0.12µm). Two types of Si CMOS devices are
available in this technology (1.2V and 2.5V), with minimum channel lengths of 0.12 µm
and 0.24 µm, respectively [9]. The performance metrics of the SiGe BiCMOS technologies
discussed in this work are summarized in Table 1.
1.3 Device Physics of SiGe HBTs
This section describes the operation of the SiGe HBT as compared to a similarly con-
structed Si BJT [3]. As mentioned above, the SiGe HBT is formed by introducing a SiGe
alloy into the base of a Si BJT. The SiGe HBT uses bandgap engineering in Si to achieve
III-V like performance while maintaining compatibility with conventional Si CMOS man-
ufacturing. The SiGe film is grown pseudomorphically on a Si substrate resulting in biaxial
compressive strain in the film. The addition of Ge to Si alters the band structure from that
of pure Si. Ge has a smaller bandgap energy than Si (0.66 eV and 1.12 eV respectively),
consequently SiGe has a smaller bandgap than Si. The compressive strain in the SiGe
film also alters both the conduction and valence bands yielding an additional bandgap re-
duction. The strain splits the previously degenerate 6-fold Si conduction band into 2-fold
5
Figure 4: Schematic cross-section of the 7HP SiGe HBT BiCMOS technology.
Table 1: Target device parameters for various SiGe BiCMOS technologies.
SiGe BiCMOS Technology National IBM 5HP IBM 7HP IBM 8HP
BiCMOS8
SiGe HBT Parameters
Drawn Emitter Width (µm) 0.4 0.5 0.2 0.12
VA (V) 175 65 120 150
BVCEO (V) 3.3 3.3 2.5 1.7
Peak fT (GHz) 60 48 120 207
Peak fmax (GHz) 60-70 69 100 285
nFET Parameters
Channel L (µm) 0.24 0.35 0.18 0.12
VDD (V) 2.75 3.3 1.8 1.2
and 4-fold degenerate bands. Compressive strain also alters the valence band by splitting
the heavy-hole and light-hole bands. In total, the bandgap reduces by approximately 75
meV for every 10% Ge introduced. The majority of the Ge induced band offset occurs in
the valence band, which is desired for npn transistors. The Si-SiGe heterojunctions in
the emitter-base (EB) and collector-base (CB) junctions of the SiGe HBT contribute to the
significant performance enhancement, both dc and ac, over the Si BJT. A look at the energy
band diagrams for a graded-base SiGe HBT and an identically fabricated Si BJT (Figure 5)
biased in forward active mode depicts the band structure changes described above. Due to
the presence of Ge in the base, there is a slight reduction in the base bandgap at the EB junc-















 Eg,Ge(grade)= Eg,Ge(WB)– Eg,Ge(0)
Figure 5: Energy band diagram for a graded base SiGe HBT and a Si BJT.
This position dependent bandgap change is due to the grading of Ge across the base and
induces a built-in electric field in the neutral base region. The induced field positively
impacts the minority carrier transport.
From Figure 5, we see that the emitter-base potential barrier is reduced in the SiGe
HBT with respect to the Si BJT, thereby allowing increased electron injection from emitter
to base. The enhanced electron injection leads to a higher collector current and current
gain. An expressions for the collector current density (JC ) can be derived in closed-form








where Wb is the neutral base width for the applied bias VBE , pb(x) is the base doping, and
Dnb is the minority electron diffusivity in the base. The intrinsic carrier density in the SiGe
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∆Eappgb /kT e[∆Eg,Ge(grade)]x/(WbkT )e∆Eg,Ge(0)/kT (2)
where ∆Eappgb /kT is the apparent bandgap narrowing due to heavy doping in the base and
∆Eg,Ge(grade) is defined as ∆Eg,Ge(Wb) − ∆Eg,Ge(0). The low-doping intrinsic carrier
density for Si is n2io = NCNV e
−Ego/kT and γ = (NCNV )SiGe/(NCNV )Si < 1 is the effective
density-of-states ratio between SiGe and Si [11]. An expression for JC in a SiGe HBT can














where “∼” denotes position-averaged quantities, N−ab is the ionized doping level in the





/(Dnb)Si > 1 is the minority electron diffusivity ratio between
SiGe and Si. Note the first term in Equation 3 corresponds to the Si BJT and the second
term represents the modification of JC due to the Ge content in the base. Figure 6 depicts
the Gummel characteristics for a typical SiGe HBT and a similarly constructed Si BJT. The
SiGe HBT exhibits higher collector current and approximately the same base current as the
Si BJT, as expected. The increase in JC for the SiGe HBT in turn leads to an increase in
current gain (β). The current gain ratio between a SiGe HBT and an identically constructed










The current gain depends linearly on the band offset due to Ge grading across the base and
exponentially on the Ge induced band offset at the EB junction as Equation 4 indicates.
Therefore, β is dependent on the Ge profile shape and can be modified for particular circuit
applications. The introduction of Ge in the base in effect decouples β from the base doping.
This fact implies that the base doping can be increased with out degrading β. Note that
higher base doping reduces the base resistance, which has positive implications in terms of
frequency response and broadband noise.
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Figure 6: Representative Gummel plot for a SiGe HBT as compared to a Si BJT.
The output conductance is an important design parameter for analog circuits and is
described by the Early voltage (VA). A graded Ge profile in the base of the SiGe HBT












The Early voltage depends exponentially on the Ge grading across the base, which decou-
ples VA from the base doping and hence β. Consequently a high “current-gain–Early volt-
age product” (βVA product), a figure-of-merit for analog applications, can be maintained
independent of the base profile:
βVA,SiGe
βVA,Si
= γ̃η̃e∆Eg,Ge(0)/kT e∆Eg,Ge(grade)/kT . (6)
Note that the βVA product for the SiGe HBT is enhanced over the Si BJT and is an ex-
ponential function of the band offset at the EB junction as well the Ge grading across the
base.
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Two important ac figures-of-merit are the unity-gain cutoff frequency (fT ) and the max-
imum oscillation frequency (fmax). Both parameters are positively impacted by the Ge













where gm is the intrinsic transconductance, Ceb and Ccb are the EB and CB depletion capaci-
tances, τb is the base transit time, τe is the emitter charge storage delay time, WCB is the CB
space-charge region width, vsat is the saturation velocity, and rc is the collector resistance.
The grading of Ge across the base induces a built-in electric field in the neutral base region
(directed from collector to emitter). This field accelerates the minority carriers across the

















Due to the inverse relationship between the emitter charge storage delay time and ac β, τe













From Equation 7, it is clear that the reductions of both τb and τe will increase the fT of the






where rb is the ac base resistance and Cbc is the base-collector capacitance. The increase in
fT as well as a reduction in rb aid in improving the fmax of the SiGe HBT.
1.4 Summary
An overview of the SiGe HBT BiCMOS technology as well as the physics of operation
are presented in this chapter. The SiGe HBT offers significant advantages over the Si BJT
including increased β, VA, fT , and fmax. These performance enhancements coupled with
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the integration with state-of-the-art CMOS make SiGe HBT BiCMOS technology a viable
candidate for system-on-a-chip (SoC) integration.
Chapter II of this thesis describes some basic radiation concepts and nomenclature.
An overview of the space radiation environment and the types of radiation present are
discussed. This is followed by a description of the two major radiation damage mechanisms
and their effects on Si semiconductor devices. In Chapter III, the effects of proton and
gamma irradiation on SiGe HBTs is investigated. This chapter also examines the impact of
substrate bias on proton damage in a 130 nm CMOS technology. Chapter IV investigates
the effects of mechanical planar biaxial strain the on CMOS devices included in various
Si/SiGe HBT BiCMOS technologies. Chapter V presents conclusions of the work reported





As we continue to explore the solar system, there is an increasing need for electronic sys-
tems that can withstand the harsh radiation conditions this environment presents. Predict-
ing the exact radiation conditions the devices and circuits are exposed to is quite difficult.
There are many factors to consider such as: the radiation environment, orbital path and
altitude, and the length of the mission. Thus designers of space-born electronic systems
must have a basic understanding of the radiation environment and its effects on devices
and circuits. This chapter provides an overview of the space radiation environment, basic
terminology, as well as radiation damage mechanisms and their effect on both bipolar and
CMOS devices.
2.2 Space Radiation Environment
An overview of the space radiation environment is given in this section [14]. The space
radiation environment is known to have a detrimental effect on semiconductor devices and
materials. Radiation levels vary with changes in the solar magnetic field, which are at-
tributed to long-term (22-year cycle) variations as well as storms such as solar flares and
coronal mass ejections (CMEs). This solar activity is divided into two major cycles, the
solar maximum and the solar minimum. The solar maximum is approximately a seven year
period of high activity, while the solar minimum is about four years of relatively low activ-
ity. The solar wind and it’s magnetic field interact with the Earth’s magnetic field producing
the radiation fields near Earth as seen in Figure 7.
Some charged particles in the solar wind are trapped by the Earth’s magnetic field
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Figure 7: Illustration of the solar wind and radiation belts surrounding the Earth.
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forming the Van Allen radiation belts. The Lorentz force acts on the trapped particles
causing them move in a spiral around magnetic field lines and thereby restricts them to a
defined area. The Lorentz force is given by:
F = q (E + v × B) (11)
where q is the charge, E is the electric field, v is the velocity, and B is the magnetic field.
Models indicate the Van Allen belts are toroidal in structure and consist mainly of trapped
energetic protons and electrons. The lower altitude ‘inner’ belt is comprised mostly of
protons ranging in energy from tens of keV to hundreds of MeV. Electrons up to a few
MeV compose two higher altitude outer toroids. The particle population varies with the
activity of the sun. During the solar maximum, electron population increases while pro-
ton population decreases. The particle fluxes in a given solar cycle are isotropic to first
order. However, there is one known region over the Atlantic Ocean off the coast of South
America where the offset of the Earth’s geomagnetic axis from the earth rotation axis leads
to increased particle flux at low altitudes (300- 500 km). This region is known as the
South Atlantic Anomaly (SAA). The exposure levels a spacecraft may experience due to
the trapped particles in the Van Allen belts depend on the altitude and inclination of orbit.
It is known that the particle flux varies most for inclinations between 0o < i < 30o and
altitudes in the range of 200 to 600 km.
Galactic cosmic ray particles also contribute to radiation in the space environment. The
particles originate outside of the solar system and include all ions in the periodic table.
The cosmic ray particles, composed of approximately 83% protons, 13% α-particles, 3%
electrons, and 1% heavier nuclei, have low level fluxes and energies ranging from tens of
MeV to hundreds of GeV. Due to the high energies, these particles primarily cause Single
Event Effects (SEE). They are always present, but intensities reach a peak during the solar
minimum and are lowest during the solar maximum. As in the case of trapped particles in
the Van Allen belts, the exposure a spacecraft experiences depends on the inclination and
altitude of orbit. In this case, particle flux variations are primarily dependent on inclination,
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with altitude a secondary factor.
Solar events such as flares and CMEs produce energetic protons, alphas, heavy ions,
and electrons that add to the space radiation environment. Solar events may last anywhere
from several hours to a few days and engender particles with energies up to a few hundred
MeV. Two categories of solar events are defined corresponding to two types of solar x-ray
flares, gradual and impulse. Gradual events are characterized by an x-ray intensity decay
over many hours and are coupled with CMEs, which produce large proton fluences. There
is a sharp peak in x-ray emission, as well as an increase in heavy ions for impulse solar
events. During solar maximum, there are approximately ten gradual events per year and
about 1000 impulse events per year. Again, the radiation levels a spacecraft experiences
depend primarily on the inclination and secondarily on the altitude of orbit.
2.3 Radiation Terminology
The amount of energy an energetic particle or photon deposits in a particular material is
measured in units of rad (“radiation absorbed dose”) where
1 rad = 100 ergs/gram = 6.24 × 1013 eV/gram (12)
The SI unit for total ionizing dose is the gray (Gy) where
100 rad = 1 Grey(Gy) = 1 J/kg (13)
The rad is a material dependent property, as the energy absorbed depends on the density of
the target material. Thus, when using the rad unit, the target material must also be specified.
For Si based electronics, typical units are rad(Si) or rad(SiO2), where 1.000 rad(SiO2) =
0.945 rad(Si). The ionizing dose rate is given in rad per second. The particle flux is defined
as the number of incident particles per unit area and time (particles/cm2s). Particle fluence
is the time integral of particle flux given in units of particles/cm2.
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2.4 Particle Categories
There are many particles present in the space environment. This section separates radiating
particles into two categories, namely photons and charged particles. Characteristics and
interaction mechanisms of the particles are examined [15], [16].
2.4.1 Photons
Photons, gamma, and x-rays have no mass or electric charge and are extremely penetrating.
They interact with the target material via different mechanisms depending on the photon
energy. The three interactions are the photoelectric effect, Compton scattering, and pair
production with each one creating a energetic free electron. Figure 8 depicts the relative im-
portance of the different photon interactions as a function of photon energy and the atomic
number (Z) of the target material. The dashed line indicates Si (Z=14), the target material,
in which the photoelectric effect dominates for photon energies below 50 keV, Compton
scattering dominates for energies between 50 keV and 20 MeV, and pair production takes
place for energies greater than 20 MeV.
As indicated by Figure 8, the photoelectric effect occurs for low energy photons. In
this process the incident photon typically penetrates the inner most shell (K) of the target
atom. The incident photon then transfers all its energy to the bound atomic electron, which
causes it to be ejected from this shell. The electron is ejected with a kinetic energy given
by:
Ekin = hν − Be (14)
where hν is the incident photon energy and Be is the electronic binding energy.
Compton scattering is dominant in Si for photon energies between 50 keV and 20 MeV.
In this process, a photon collides with an atomic electron imparting an energy that is much
greater than the binding energy of the electron. A portion of the incident photon energy is
absorbed by the electron during collision, creating a Compton electron. The residual energy
from this collision is deflected out from the original point of collision as lower energy
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Figure 8: Importance of the different photon interactions as a function of photon energy
and the atomic number (Z) of the target material (after [17]).
photon that goes on traveling through the target material. Note that Compton scattering is
the dominant mechanism for 60Co gamma radiation.
Pair production is the simultaneous creation of an electron-positron pair (e− +e+) as a
result of a high energy photon (such as a gamma photon) coming under the influence of
a strong nuclear electric field. The positron is the anti-matter counterpart of an electron
having the same mass as an electron, but opposite charge. The threshold energy for pair
production is 1.02 MeV. If the incident photon energy is greater than the threshold, the
remaining energy appears as kinetic energy in the electron-positron pair.
2.4.2 Heavy Charged Particles
Heavy charged particles, such as protons, alphas, and other heavy ions are far less penetrat-
ing than photons. They interact with matter primarily through Rutherford (or Coulomb)
scattering and also through nuclear interactions for high energy particles. The incident
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particle ionizes and/or excites atomic electrons through Rutherford scattering. Atomic dis-
placement can also occur by Rutherford scattering if enough energy is transferred to the
atom. The nuclear interactions that a heavy charged particle and the target material may
experience involve elastic scattering, inelastic scattering, and transmutation. During scat-
tering, the incident particle yields some of its energy to a target atom and displaces the
atom from its lattice position. The displaced atom is referred to as the primary knock-on,
which in-turn loses energy to ionization and can displace other lattice atoms. Elastic scat-
tering is said to have occurred when the energy given up by the particle is greater than
the energy necessary for displacement. In the inelastic scattering process, the target atom
captures the incident particle and then emits the particle at a lower energy. The target
atom is in an excited state due to this energy loss. The atom returns to it original state by
emitting a gamma-ray. Inelastic collisions can also bring about atomic displacement. In
transmutation, the target atom captures the incident particle and emits a different particle,
consequently converting the atom from one element to another.
2.5 Radiation Damage Mechanisms
There are two main radiation damage mechanisms that occur in spaceborne electronic sys-
tems: ionization damage and displacement damage. Ionization damage can be divided into
two categories: total ionizing dose (TID) and Single Event Effects (SEE). The concentra-
tion of this work is on TID and displacement damage, thus SEE will not be discussed here.
TID ionization and displacement damage are examined in this section [3], [15], [16], [18].
2.5.1 Ionization Damage
Ionization damage results from the generation of electron-hole pairs in the material. The
incident energetic particle loses energy as it passes through the material, creating electron-
hole pairs along its path. The amount of energy transferred to ionization is determined
by the particle’s Linear Energy Transfer (LET) function, which is the energy transferred
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per unit of path traveled by the ionizing particle normalized by the density of the target
material. The LET function is given by:















and q is the absolute value of the electron charge, P is the stopping number of the material,
Z1 and Z2 are the atomic charges of the incident particle and the target material respec-
tively, Nat is the atomic density of the target material, M2 is the atomic mass of the target
material, m is the mass of the incident particles, E is the energy of the incident particles,
and Eeh is the mean ionization energy. The units are MeV-cm2/mg. The LET of the particle
is a function of the energy, mass, and charge of the particle as well as the mass of the target
material.
Ionization damage is generally due to protons, electrons, gammas, and x-rays. The
most common degradation effect of ionizing radiation is charge trapping by pre-existing or
radiation-induced traps. For semiconductor devices, ionization damage is typically asso-
ciated with the surface of a device and occurs primarily in isolating oxides and in oxide-
semiconductor interfaces. The charge trapping in the oxide leads to the formation of gen-
eration/recombination centers.
2.5.2 Displacement Damage
Particles such as alphas, protons, electrons, and neutrons can cause displacement damage.
Incident photons can also produce displacement damage (to a lesser extent) via the Comp-
ton Effect. Displacement damage occurs when nuclear collisions between the incident
particle and the atom leads to displacement of the atom from its original lattice position.
If the atom is displaced to a nonlattice position, the resulting defect is called an interstitial
and its former position is referred to as a vacancy. Together the vacancy and interstitial are
called a Frenkel pair. If a significant amount of kinetic energy is transferred in the collision,
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the primary knock-on can displace other atoms forming a defect cluster. The amount of en-
ergy given up to atomic displacements per unit path length is expressed by the particle’s
Non-Ionizing Energy Loss (NIEL). This is equivalent to the LET for ionization damage
and hence has the same units of MeV-cm2/mg. The particle NIEL can be calculated based











where N is Avogadro’s number, A is the gram atomic weight of the target material (Si),
dσ/dΩ is the differential cross section for recoil in direction Θ, T (Θ) is the recoil energy,
and L[T (Θ)] is the fraction of the recoil energy that goes into displacements[19].
In semiconductor device, defects due to displaced atoms give rise to new energy levels
in the bandgap, which in turn change the electrical properties of the device. These radiation-
induced defects yield several processes that alter material and device properties described
as follows. The first process is thermal generation of electron-hole pairs through radiation-
induced defect levels near midgap, which is significant in the depletion region of devices.
The presence of the defects leads to an increase in the thermal generation rate, which in
turn causes an increase in leakage current for silicon devices. The second process is the
recombination of electron-hole pairs. Carrier lifetime is decreased due to the radiation-
induced recombination centers. The third process involves the trapping of carriers at defect
centers, which leads to increasing the transfer inefficiency in charge-couple devices. The
fourth process is the compensation of donors and acceptors by defect centers. This brings
about a decrease in the equilibrium majority carrier concentration, which will affect all
device and circuit parameters that depend on the carrier concentration. The fifth process,
trap-assisted tunneling via radiation-induced defects, can lead to device current increases
under certain conditions. The sixth process occurs when defects act as scattering centers,
causing a reduction in carrier mobility. The seventh effect is carrier type conversion due
to the reduction in carrier concentration as previously discussed. Finally, the eighth effect
is enhanced effectiveness for thermal generation of carriers. This effect arises when the
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radiation-induced defects are located in a high field region of the device.
2.6 Radiation Effects on Si-based Semiconductor Devices
Radiation damage affects the performance of various semiconductor devices in different
ways. This is due to differences in device operation and fabrication. The effects of radiation
damage on both Si bipolar transistors and CMOS devices are reviewed in this section [3],
[15], [16].
2.6.1 Radiation Effects on Bipolar Devices
Bipolar device performance is affected by both ionization and displacement damage. The
classic signature of radiation damage in bipolar transistors is an increase in the base current
and hence a decrease in current gain.
As mentioned above, ionization damage leads to trapped charge in the isolating oxides
and oxide - semiconductor (Si) interfaces. In a npn bipolar device, the trapped oxide charge
alters the surface potential at the spacer oxide and base-emitter junction interface. Subse-
quently, the Si p-type base region is depleted and causes an increase in the base current
(IB). The increase in IB leads to a degradation in the current gain (β = IC/IB), where
IC is the collector current. The p-type surface layer could also become inverted depending
on the doping density and amount of trapped hole charge. If inversion occurs, an increase
in the leakage current along the field oxide is possible. Surface recombination in the base-
emitter depletion region is coupled with the density of radiation-induced interface traps. An
increase in the number of interface traps also enhances the surface recombination velocity
(sr). The increase in sr corresponds to an increase in the recombination base current and
hence a decrease in current gain.
The primary consequence of displacement damage in Si bipolar devices is current gain
degradation. This occurs because radiation-induced recombination centers produce a re-
duction in minority carrier lifetime. It is know that over a large range of displacement
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damage, the reciprocal current gain increases with particle fluence. A displacement dam-







where β(0) is the pre-radiation current gain, K(E) is the damage factor, and φ is the particle
fluence.
Generation centers due to displacement can increase the leakage current in the reverse-
biased base-collector junction. Note that narrow base widths and high base doping can
significantly reduce the effects of displacement damage.
2.6.2 Radiation Effects on CMOS Devices
CMOS devices are majority carrier devices and displacement damage is not a concern un-
less the incident particles are extremely energetic and cause type conversion. Ionization
damage produces trapped charge in the gate oxide as well as in the field and isolation ox-
ides. Figure 9 illustrates the effects of ionizing radiation on oxides. Radiation-induced
charge trapped in the gate oxide causes a shift in the flat-band voltage (∆VB), which corre-
sponds to a threshold voltage shift due to trapped oxide charge. The ∆VB is proportional to
the square of the oxide thickness. The trapped oxide charge also leads to a degradation in
transconductance (gm). Interface traps, when charged, contribute to the radiation-induced
threshold voltage shift. Coulombic scattering at the charged oxide and interface traps leads
to a reduction in low-field mobility. The amount of radiation-induced trapped charge in the
gate oxide decreases with the oxide thickness. Similar trends have been observed for the
generation of interface traps. In today’s scaled submicron CMOS, the gate oxides are very
thin (few nm) and essentially no net charges are trapped. Therefore, there is negligible
change in threshold voltage, gm, and low-field mobility in devices with very thin oxides.
The ionizing radiation degradation in scaled submicron CMOS is primarily due to
trapped charges in the field and isolation oxides since they are much thicker than the gate
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Figure 9: Ionizing radiation effects on oxides.
oxide. These charges degrade the subthreshold conduction leading to high off-state leak-
age. Most commercial submicron technologies use Shallow Trench Isolation (STI). There
are two common leakage paths in the STI. The first path is along the sidewalls of a device
which produces an increase in subthreshold leakage. The second path is in between devices
causing the parasitic field transistor to turn on.
2.7 Summary
The radiation response of a semiconductor device depends on the radiation environment
and the type of radiation, as well as the operation and fabrication processes of the particular
device. Ionizing radiation affects the performance of both bipolar and CMOS devices,
while displacement damage is typically only an issue for bipolar devices. The next chapter
presents experimental results on the proton and gamma radiation tolerance on SiGe HBTs
as well as the effects of proton radiation on scaled CMOS.
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CHAPTER III
RADIATION EFFECTS IN SIGE HBT BICMOS
TECHNOLOGIES
3.1 Introduction
The semiconductor industry is continuously striving for faster, smaller, and cheaper inte-
grated circuits (ICs). These trends are also emerging as the driving force for the space com-
munity. The use of commercial-off-the-shelf (COTS) parts and system-on-a-chip (SoC)
integration are the two major steps the space community is employing to reach the goal
of faster, smaller, and cheaper parts. The use of COTS parts saves a considerable amount
of money previously spent on radiation-hardening techniques. SoC integrates digital, RF,
and analog blocks on the same chip, thus reducing system costs. This integration scheme
also reduces the weight and size of the system. As Chapter I indicates, SiGe BiCMOS
technology is a viable candidate for SoC integration and the present chapter discusses the
radiation response of this technology.
First, the effects of gamma and proton radiation on SiGe HBTs is presented. Proton
radiation effects on SiGe HBTs were recently reported for three different commercially
available SiGe HBT BiCMOS technologies [3], [20], [21]. The present work investigates
both the proton and gamma radiation response of the National BiCMOS8 SiGe HBT pro-
cess technology, a new commercial offering. This work presents both gamma and proton
data for a representative SiGe HBT device, as well as the effects of protons on a differential
LC RF oscillator fabricated on a pre-production hardware lot of the same process technol-
ogy with identical device dimensions. Finally, we compare proton radiation results in this
work with those reported previously for other SiGe technologies.
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Next, the effects of proton irradiation on the dc and ac properties of 130 nm Si CMOS
technology are investigated. It is well known that the tolerance to ionizing radiation gener-
ally improves with CMOS technology scaling, due to the natural thinning of the gate oxide
and shallow trench isolation. Circuit designers are increasingly taking advantage of the
effects of both static and dynamic body (substrate) biasing to improve circuit performance
(analog circuits) and reduce power dissipation (digital circuits) [22]-[24]. A reverse body
bias is known to increase the threshold voltage and reduce the off-state leakage current,
for instance, which is of great interest from a radiation perspective in many spaceborne cir-
cuits. This work reports for the first time the results of proton radiation on 130 nm Si CMOS
technology (having an effective minimum gate length of 0.12µm) for two different irradi-
ation substrate bias conditions. The nFETs investigated are part of a fully-integrated, third
generation, 200 GHz SiGe HBT BiCMOS technology (IBM SiGe 8HP) [9]. Two types of
Si CMOS devices are available in this technology (1.2V and 2.5V), with minimum chan-
nel lengths of 0.12 µm and 0.24 µm, respectively. The technology was not intentionally
radiation-hardened in any way. We also compare the proton radiation tolerance observed
on this 130 nm CMOS node (IBM SiGe 8HP) with those previously reported for a 180 nm
CMOS node (IBM SiGe 7HP).
3.2 Proton and Gamma Radiation Effects in SiGe HBTs
The SiGe BiCMOS wafers were diced, mounted, and subsequently wirebonded in 28-pin
dual inline packages (DIP). Several standard npn SiGe HBTs of various emitter geometries
(AE) were investigated. A device with AE of 0.4×1.4 µm2 is used here to investigate the
effects of proton and gamma irradiation. The proton tolerance of a fully-integrated SiGe
LC tank oscillator circuit is also investigated.
The 63.3MeV proton irradiation was performed at the Crocker Nuclear Laboratory at
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the University of California at Davis. The dosimetry measurements used a five-foil sec-
ondary emission monitor calibrated against a Faraday cup. The radiation source (Ta scat-
tering foils) located several meters upstream of the target establish a beam spatial unifor-
mity of about 15% over a 2.0 cm radius circular area. Beam currents from about 20 nA to
100 nA allow testing with proton fluxes from 1.0 × 109 to 1.0 × 1012 proton/cm2sec. The
dosimetry system has been previously described [25], [26], and is accurate to about 10%.
The SiGe HBT dc test structures were irradiated with all terminals grounded with proton
fluences ranging from 1.0 × 1012 to 5.0 × 1013 p/cm2 (equivalent gamma doses of 135 and
6,759 krad(Si), respectively). The ac test structures and circuits were irradiated with all
terminals floating at a proton fluence of 5.0 × 1013 p/cm2.
Gamma irradiation was performed using a J.L. Shepard Model 81 Co-60 source at
Goddard Space Flight Center Radiation Effects Facility (GSFC REF). Dose rates varied
from 20.5 to about 29.1 rad(Si)/sec. The dose was uniform to within 10% across all test
samples, as determined using an ion chamber probe. In accordance with MIL-STD 883
Method 1019.6, a Pb/Al box was used to decrease the flux of secondary gammas and ensure
a monochromatic gamma ray spectrum. The SiGe HBT dc test structures were irradiated
with all terminals terminated inside black conductive foam, with gamma total doses ranging
from 92 krad(Si) to 3,792 krad(Si). The ac test structures were also irradiated with all
terminals floating at a gamma dose of 3,792 krad(Si).
Previous reports indicate that irradiations performed with all terminals grounded demon-
strate similar results to irradiations with all terminals floating, and should be considered
worst case [27]. Wirebonding of ac test structures and circuits is not compatible with ro-
bust broadband measurements, and hence on-wafer probing of S-parameters was used to
characterize the high-frequency performance. All samples were measured at room tem-
perature. The wirebonded dc test structures were measured after each dose step using an
Agilent 4155 Semiconductor Parameter Analyzer. The ac measurements were made post
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Figure 10: Forward-mode Gummel characteristics as a function of gamma dose.
radiation with an Agilent 8510C Vector Network Analyzer (ac) using the techniques dis-
cussed in [28]. The LC oscillator circuit was measured using an Agilent 8563 spectrum
analyzer with phase noise module.
3.2.1 dc Results
Representative forward-mode Gummel characteristics for SiGe HBTs subjected to gamma
and proton irradiation are shown in Figures 10 and 11, respectively. These plots illustrate
the radiation induced damage in the emitter-base (EB) junction of the device. There is
an observed increase in base current with both proton fluence and gamma dose, which is
indicative of radiation-induced damage in SiGe HBTs [3]. This increase is due to radia-
tion engendered generation/recombination (G/R) trap centers located around the periphery
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Figure 11: Forward-mode Gummel characteristics as a function of proton fluence.
of the EB spacer oxide [29]. The inverse-mode (a switch of the emitter and collector ter-
minals) Gummel characteristics are used to assess the radiation damage of the physical
collector-base (CB) junction. The inverse-mode Gummel characteristics for gamma and
proton irradiation are shown in Figures 12 and 13, respectively. It appears that there is
significantly more radiation induced degradation at the CB junction as compared to the EB
junction for gamma radiation. However, Figure 13 indicates there is slightly less degrada-
tion at the CB junction as compared to the EB junction for proton radiation in this tech-
nology. The radiation induced traps are believed to be physically located along the shallow
trench isolation (STI) edge [3].
The forward-mode base-current increase, for both gamma and proton irradiation, also
leads to a degradation in current gain (β) and a shift in peak β as seen in Figures 14 and 15,
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Figure 12: Inverse-mode Gummel characteristics as a function of gamma dose.












































Figure 13: Inverse-mode Gummel characteristics as a function of proton fluence.
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Figure 14: Current gain as a function of gamma dose.
respectively. The significant decrease occurs at low collector current density (JC ), as ex-
pected. In fact there is negligible change in the post-radiation β at peak cutoff frequency
(a collector current density of approximately 2 mA/µm2), which is good news for circuits
that typically are biased at or near this operating point.
3.2.2 Proton versus Gamma
The effects of proton and gamma irradiation on this National BiCMOS8 SiGe technology
are quantitatively compared in this section. Proton radiation generates more forward-mode
excess base-current (∆IB) than gamma radiation, especially at fixed equivalent gamma
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Figure 15: Current gain as a function of proton fluence.
doses below 1Mrad, as evidenced in Figure 16. This is indicative of the fact protons in-
duce both displacement and ionization damage, while gamma rays produce very little dis-
placement damage. We expect to see the same result for the inverse-mode of operation.
However, a look at the inverse-mode excess base-current (Figure 17) indicates gamma rays
induce much more radiation damage than protons along the STI edge of the device. This
unexpected result was also observed in other SiGe technologies [30]. It is possible the
anomalous result is a dose rate effect. The gamma dose rate varied from 20.5 to about 29.1
rad(Si)/sec, while the proton dose rate was much higher at approximately 1000 rad(Si)/sec.
Further investigations are planned to aid in determining the exact cause of this unexpected
result. The larger proton ∆IB is again manifested in the forward-mode β degradation as
shown in Figure 18.
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Figure 16: Forward-mode excess base current as a function of equivalent dose for both
























Figure 17: Inverse-mode excess base current as a function of equivalent dose for both
proton and gamma radiation.
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Figure 18: Normalized current gain as a function of equivalent dose for proton and gamma
radiation.
The devices were re-measured five and eleven weeks after proton exposure and 11 and
18 weeks after gamma exposure. Figure 19 shows the normalized forward- and inverse-
mode excess base current density as a function of time after final exposure. A reduction
in forward-mode base current was observed for both gamma and proton irradiation. This
suggests there is a self-annealing process that reduces the number of G/R trap centers in
the emitter-base spacer oxide. Interestingly, very little annealing was observed for inverse-
mode gamma radiation, while the proton radiation inverse-mode base current actually in-
creased with time after exposure. These observations indicate that there is a fundamental
difference between the radiation-induced G/R mechanisms in the emitter-base spacer oxide
and the STI. The inverse-mode annealing results are different from those observed in other
33




























Figure 19: Normalized forward- and inverse-mode excess base current density as a func-
tion of time after exposure.
SiGe technologies.
The National BiCMOS8 SiGe technology is reasonably tolerant to both proton and
gamma radiation (up to Mrad-level equivalent dose), without any intentional radiation
hardening, as indicated by the above results.
3.2.3 ac Results
The scattering parameters (S-parameters) were characterized up to 48 GHz over a wide
span of bias currents at a fixed collector-base voltage (VCB). A standard “open” structure
was used to de-embed the data to facilitate the calculation of the small-signal current gain
(h21) and the Maximum Unilateral Gain (U). The unity gain cutoff frequency (fT ) and the
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Figure 20: fT on JC as a function of proton fluence.
maximum oscillation frequency (fmax) were determined by extrapolating a -20 dB/decade
slope from the values measured at 40 GHz. Representative pre- and post-proton radiation
plots of fT and fmax are depicted in Figures 20 and 21, respectively. As has been reported
for other SiGe HBT technologies, there is negligible change between the pre- and post-
radiation fT . At first glance there appears to be a substantial decrease (∼ 10%) in the post-
radiation fmax. If the degradation was truly due to radiation, however, one would expect to
see an increase in the dynamic base resistance (rbb) as well. However, Figure 22 clearly
indicates there is essentially no change in rbb post radiation. This leads us to believe that
the variation of fmax post radiation is likely a result of the inherent error associated with the
S-parameter measurement and de-embedding of these particular ac test structures. Similar
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Figure 21: fmax versus JC as a function of proton fluence.
results were observed for gamma radiation. The ac parameters are essentially unaffected
by proton and gamma radiation, and is consistent with reported data for other commercial
SiGe technologies.
3.2.4 Differential Oscillator Circuit
A fully-integrated differential LC tank oscillator [31] was incorporated in the proton irra-
diation study to investigate the effects of irradiation on a highly relevant (and potentially
radiation sensitive) RF circuit. This oscillator was fabricated on a pre-production hardware
lot using the identical process flow (National BiCMOS8) and device dimensions. The




























Figure 22: rbb as a function of proton fluence.
Table 2: Pre- and Post-radiation Oscillator Performance Metrics.
Performance Metrics Pre-Radiation Post-Radiation
Output Power (dBm) -6.8 -7.4
Oscillation 2.63 2.63
Frequency (GHz)
Phase Noise at 100 -91 -89
kHz offset (dBc/Hz)
Phase Noise at 1 -118 -117
MHz offset (dBc/Hz)
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Figure 23: Schematic of SiGe LC oscillator.
while delivering an output power of -6.8 dBm at a frequency of oscillation of 2.63 GHz.
The schematic is shown in Figure 23. The phase noise performance of the oscillator was
measured at wafer level both pre- and post-radiation. The pre-radiation phase noise perfor-
mance was -118 dBc/Hz at 1MHz offset from the frequency of oscillation. There was no
measurable difference in performance post radiation, as indicated in Table 2, clearly good
news from a circuit perspective.
3.2.5 SiGe HBT Technology Comparison
The dc and ac proton radiation response for the present work is compared with previously
published results on four different SiGe HBT technologies, as shown in Table 3. Mean-
ingful comparisons between various technologies are challenging to perform due to differ-
ences in Ge profile, standard device geometries, etc. To facilitate a clearer comparison, the
dc performance metrics were calculated in terms of base current density at a fixed VBE of
0.6V. Note that the National BiCMOS8 (this work) EB junction is slightly more susceptible
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Table 3: Comparison of Proton Tolerance for the Present Work and Various Previously
Reported SiGe HBT Technologies.
Parameters This Work - SiGe #1 - SiGe #2 - SiGe #3 - SiGe #4 -
60 GHz 50 GHz [7] 28 GHz [32] 120 GHz [8] 120 GHz [33]
Fluence(p/cm2) 5 × 1013 5 × 1013 5 × 1013 5 × 1013 5 × 1013
JB(post) − JB(pre)
at VBE = 0.6V (nA) 9.23 2.28 4.31 11.57 5.71
Inverse Mode
JB(post) − JB(pre)
at VBE = 0.6V (nA) 7.19 23.70 160.02 32.65 16.46
β(post)/β(pre)
VBE=0.7V 0.06 0.28 0.16 0.05 0.27
fT (post)/fT (pre)
(VCB=1.0V)** 0.95 0.97 — 0.98 * 0.99*
fmax(post)/fmax(pre)
(VCB=1.0V)** 0.88 0.97 — 0.92 * 0.96*
* Data measured at VCB=0.5V with fluence of 7x1012 p/cm2
** estimated 10% error in measurement + extraction
to radiation damage, while the CB junction is more robust than other reference technolo-
gies. However, in general, all five SiGe technologies exhibit exceptional proton irradiation
tolerance without additional radiation hardening.
3.3 Proton Radiation Effects in Si nFETs
Si nFETs with a channel width of 10.0 µm and lengths ranging from 1.6 to 0.12 µm were
used for the dc investigation. The transistors were designed using conventional high-speed
layouts, and do not, for instance, use annular (enclosed) layouts for reducing radiation dam-
age. The ac measurements were made on multi-fingered (32 fingers) devices with a W/L
of 2.0/0.12 µm per finger. The 63.3MeV proton irradiation was performed at the Crocker
Nuclear Laboratory at the University of California at Davis. The dosimetry measurements
used a five-foil secondary emission monitor calibrated against a Faraday cup. The radiation
source (Ta scattering foils) located several meters upstream of the target establish a beam
spatial uniformity of about 15% over a 2.0 cm radius circular area. Beam currents from
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about 20 nA to 80 nA allow testing with equivalent gamma doses from 10 krad to 1Mrad.
The dosimetry system has been previously described [25], [26], and is accurate to about
10%.
The Si nFET dc test structures were irradiated at equivalent gamma doses ranging from
10 krad to 1 Mrad (proton fluences from 7.4 × 1010 to 7.4 × 1012) under two different
bias conditions. Under the first condition, the source, drain, and substrate terminals were
grounded, and VDD (1.2V) was applied to the gate terminal (the conventional worst case
bias condition for FETs). For the second bias condition, the source and drain terminals
were grounded, VDD (1.2V) was applied to the gate terminal, and negative VDD (-1.2V)
was applied to the substrate terminal. The ac test structures and circuits were irradiated with
all terminals floating at a dose of 1 Mrad. Wirebonding of ac test structures and circuits
is not compatible with robust broadband measurements, and hence on-wafer probing of
S-parameters was used to characterize the high-frequency performance. The samples were
measured at room temperature with an Agilent 4155 Semiconductor Parameter Analyzer
(dc) and an Agilent 8510C Vector Network Analyzer (ac).
3.3.1 dc Results
Figures 24 and 25 depict the transfer characteristics for Si nFETs with W/L=10.0/0.12 µm
with 0V and -1.2V substrate irradiation bias conditions, respectively. The substrate was
grounded during measurement for both irradiation bias conditions. For the 0V irradiation
substrate bias, the subthreshold leakage is essentially constant (∼ 1 pA) for doses up to
60 krad and then appears to saturate at approximately 10 nA for doses from 100 krad
to 1 Mrad. Observe that there is significantly more subthreshold leakage for the -1.2V
irradiation substrate bias condition. The leakage occurs at doses as low as 10 krad. A
similar apparent leakage saturation occurs slightly above 10 nA for doses from 60 krad
to 1 Mrad. It appears that there are two fundamentally different leakage mechanisms at
work for the two irradiation substrate bias conditions. In both cases, however, the off-state
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Figure 24: Transfer characteristics for an irradiation substrate bias of 0V as a function of
equivalent dose.

















































































Figure 26: Change in sub-threshold leakage as a function of equivalent dose.
leakage is in the 1.0 nA/µm range, which is acceptable for many circuits, without using
layout techniques or process modifications for hardening.
Figure 26 shows the change in net subthreshold leakage post-radiation for devices of
different channel lengths (1.6 and 0.12 µm) at both substrate bias conditions. The difference
in radiation-induced leakage due to substrate irradiation bias is again manifested here. In
addition, we also see that the shorter channel device suffers more radiation damage than the
longer channel device. This effect has previously been reported for 180 nm nFETs [35].
The threshold voltage shift (∆VT = VTpost−VTpre) was extracted for the same devices and
is shown in Figure 27. The pre- and post-radiation threshold voltage was extracted using the
peak transconductance technique. In this method, the point of maximum slope on the ID −
VGS curve is determined by a maximum in the transconductance, gm = ∂ID/∂VGS , a straight
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Figure 27: Threshold voltage shift as a function of equivalent dose.
line is fitted to the curve at that point and extrapolated to ID = 0. The threshold voltage
is given by the extrapolated intercept [34]. There is very little change in threshold voltage
up to 1 Mrad, as expected, due to the very thin gate oxide. The longer channel (L=1.6
µm) device exhibits a decrease in VT with radiation for both substrate irradiation bias
conditions, whereas the shorter channel (L=0.12µm) device demonstrates a VT decrease
only for the 0V substrate bias. Interestingly, the VT increases after a dose of 30 krad for
the short channel, negative irradiation substrate bias condition. This increase in VT post
radiation has been reported previously for short channel devices with terminals floating
during irradiation [35].
The pre- and post-radiation effective mobility (µeff ) was extracted as a function of gate
overdrive (VG-VT ) using a technique capable of taking into account the bias dependence
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Figure 28: Effective mobility degradation as a function of equivalent dose.
of the source-drain resistance (RSD) in lightly-doped-drain (LDD) CMOS devices [36].
The first step in this extraction technique is determining the total resistance (Rtot) in the










B = RSD − A∆L. (21)
Parameters A and B are the slope and intercept of the measured resistance Rtot versus mask
length Lm at given gate bias. The effective mobility can be extracted without involving
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Figure 29: Transconductance versus gate-source voltage for an irradiation substrate bias
of 0V.






Figure 28 illustrates the µeff degradation as a function of equivalent dose. There is es-
sentially no change in mobility with proton radiation for either channel length or substrate
bias condition. This result is expected because, as mentioned in Chapter II, any reduction
in post-radiation mobility is due to scattering at the radiation-induced oxide and interface
traps. However, in this technology the gate oxide is very thin (2.2 nm) and very few charges
are trapped leading to negligible mobility degradation.
From the linear transfer characteristics (Figures 24 and 25), we see there is very little
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Figure 30: Transconductance versus gate-source voltage for an irradiation substrate bias
of -1.2V.
degradation in the drain current (ID) for the strong inversion region of operation for the 0V
substrate bias condition. This however, is not the case for negative substrate bias irradiation.
Here we see significant degradation in the strong inversion region. As expected, this is also
apparent in the transconductance (gm), as seen in Figures 29 and 30. Since there is very little
change in both VT and µeff post radiation, the gm degradation is believed to be due to an
increase in RSD, and is consistent with enhanced damage in the gate-to-drain overlap region
(i.e., the LDD) in the Gate-Induced-Drain-Leakage path described in the next section.
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Figure 31: Substrate current for both irradiation substrate biases as a function of equivalent
dose.
3.3.2 Leakage Mechanisms
An examination of the substrate current versus gate-source voltage for both substrate bias
conditions (see Figure 31), as well as the transfer characteristics, allows for better under-
standing of the leakage mechanisms in play. We believe that in both substrate bias cases
the subthreshold leakage is due to a combination of two radiation induced leakage mech-
anisms. One cause of subthreshold leakage is the presence of radiation-induced charge
physically located in the region where the gate extends beyond the shallow trench isola-
tion (STI) edge (see Figure 32). At sufficiently high dose a parasitic leakage path forms
between the source and drain, producing a shunt leakage path [37]. A classic signature of
STI edge leakage is a positive sloping drain current for gate voltage (VG) < 0.
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Figure 32: A schematic top view of the STI edge leakage path.
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Figure 33: A schematic view of the GIDL leakage path.
The other cause of subthreshold leakage appears to be radiation-induced tunneling
(band-to-band and/or trap-assisted) in the gate-to-drain overlap region, as evidenced by
a negative sloping drain current for VG < 0. This leakage mechanism is generally known as
Gate-Induced-Drain-Leakage (GIDL) [38], [39]. In GIDL, the junction field increases with
decreasing gate bias, causing minority carriers under the gate to be swept into the substrate
(see Figure 33), resulting in increased leakage current. For the 0V substrate bias case, Fig-
ure 31 indicates a strong GIDL component that increases with increasing dose. However,
the transfer characteristic (Figure 24) does not show the expected strong negative slope
due to GIDL. We believe the transfer characteristic shows a “weak” negative slope because
the STI edge leakage at high dose (> 60 krad) is larger than GIDL (see Figure 34). In
the -1.2V substrate bias case, as Figure 25 indicates, the transfer characteristics display the
classic signature of STI edge leakage for doses of 10 and 30 krad. Above 30 krad, it ap-
pears there is a very strong GIDL component. This is corroborated by Figure 31. It seems
that the GIDL component is stronger than the STI edge leakage component for the -1.2V
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Figure 34: Leakage current components for 0V irradiation substrate bias.
substrate bias condition. Figure 31 indicates that GIDL saturates at high dose for the -1.2V
substrate bias condition, but increases with dose for the 0V case. The GIDL component is
larger for the negative bias substrate condition presumably due in part to the higher field
inducing more traps (damage) in the drain-substrate junction during irradiation. The GIDL
observed in this work is clearly radiation triggered and is also dependent on the body bias
during exposure, and thus of potential concern from a hardness assurance perspective. 3-D
simulations will be required to determine the exact leakage mechanisms. As mentioned
above, there is clearly more radiation induced damage for the -1.2V irradiation substrate
bias. Similar stress-induced degradation has been reported for this negative substrate bias
[40].
It has been previously reported that negative substrate bias during measurement can
suppress the radiation-induced STI leakage. In that work, the substrate was grounded dur-
ing irradiation [37]. The present work examines the effects of negative substrate bias during
operation for devices irradiated with the -1.2V substrate bias condition. Figure 35 shows
the ID−VGS curve for measurement substrate potentials of both 0V and -1.2V, at two values
of drain voltage, after 1 Mrad total dose. It is evident that a negative operational substrate
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Figure 35: Transfer characteristics after 1 Mrad equivalent dose for substrate biases of 0
and -1.2V.
bias is very effective in reducing the radiation-induced leakage, despite the enhanced dam-
age, compared with the 0V operational substrate bias. Note that these measurements were
made approximately four months after the 1 Mrad irradiation. The subthreshold leakage
was essentially unchanged from that measured in-situ after 1 Mrad.
3.3.3 ac Results
The scattering parameters (S-parameters) were also measured for a thin oxide nFET with
W/L = 32 gate fingers. Open and short structures were used to de-embed the data in order
to calculate the small-signal current gain (h21). The cutoff frequency (fT ) was determined





























Figure 36: Cutoff frequency as a function of drain current pre and post radiation.
range. The pre- and post-proton radiation fT -ID characteristics are depicted in Figure 36.
There is an apparent very slight degradation in fT post-radiation (∼ 3%), but this is well
within the error associated the measurement, and judged to be negligible.
3.3.4 Technology Comparison
Finally, we compare the proton tolerance of this work with a previously reported 180 nm
CMOS technology node [41]. The change in subthreshold leakage is shown for the 180 nm
and 130 nm nFETs in Figure 37. The scaled CMOS exhibits improved radiation tolerance
than the previous generation. This off-state leakage result is somewhat surprising, in fact,
since the STI thickness of the 130 nm CMOS is actually slightly thicker than that for the





























Figure 37: Change in sub-threshold leakage for 130 and 180 nm technology nodes.
physical shape at the channel edge.
3.4 Summary
This work reports the first proton and gamma radiation tolerance study on the National
BiCMOS8 SiGe technology. When compared with the dc results for previously reported
SiGe technologies, the EB junction appears to be slightly less robust, while the CB junction
is more tolerant. The ac and oscillator results indicate negligible performance degradation
post radiation. The National BiCMOS8 SiGe technology is tolerant to both proton and
gamma radiation (up to Mrad-level equivalent dose) without any radiation hardening, indi-
cating that it is potentially a viable option for spaceborne electronic systems.
This chapter also investigates the impact of substrate bias on proton damage in a 130 nm
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CMOS technology. For both irradiation substrate bias conditions the subthreshold leakage
is due to a combination of two radiation-induced leakage mechanisms, STI edge leakage
and GIDL. We find that grounded versus negative substrate bias during radiation produces
different dominant damage mechanisms. STI edge leakage appears to dominate in the 0V
bias case, while the GIDL component appears larger for the -1.2V bias condition. There
is very little change in threshold voltage and mobility post radiation due to the thin oxide
in this technology. The ac results suggest there is negligible change in fT post radiation.
This 130 nm CMOS also shows improved radiation tolerance over the 180 nm technology




IMPACT OF STRAIN ON SI CMOS
4.1 Introduction
Si CMOS geometrical scaling to nanometer dimensions is progressively becoming more
expensive and complicated as scaling is approaching its practical limits. Straining silicon
is widely recognized as a potential alternative to dimensional scaling for enhanced CMOS
performance. Strain alters the band structure of silicon, which in turn changes the electrical
properties of the material. Several publications have demonstrated significant drain current
improvements (10 to 30%) associated with strain-induced carrier mobility enhancement.
Two main methods of inducing strain in MOSFETs have been explored by various
groups [42]. In one method, biaxial tensile strain is induced by Si-SiGe lattice mismatch.
Here a thin epitaxial Si layer is grown on a relaxed SiGe substrate. Biaxial tensile strain
is induced in the Si layer because the lattice constant of Si is smaller than the SiGe lattice
constant (see Figure 38). The strain alters the bandstructure leading to mobility enhance-
ment, which will be described in more detail below. Biaxial tensile strain in the Si layer
increases with increasing Ge content in the SiGe layer. There are several issues with this
straining method such as dislocation defects in the SiGe layer, Si relaxation due to thermal
processing, and Ge out-diffusion. Optimization of the thermal budget during processing
can eliminate strain relaxation and Ge out-diffusion in the channel layer. Another issue
with this method of strain is the requirement of a large Ge content to achieve the large
amount of tensile strain needed for significant improvement in hole mobility. Moreover,
this enhancement decreases at high vertical electric fields. Typically, Ge > 20% (equiva-
lent to approximately 0.8% strain) is necessary to see sizeable mobility enhancement [43].
However, there are process integration issues for large Ge content.
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Figure 38: Illustration of a strained Si/relaxed Si1−xGex nFET and biaxial tensile strain
after [42].
Another method is process induced strain, which can place tensile or compressive uni-
axial strain in different regions of the device. There can be many variations of process
induced strain. One method that has been implemented in a 90 nm logic technology makes
use of Si1−xGex in the source and drain regions of the pMOSFET and a silicon nitride cap-
ping film for the nMOFSET [44]. The Si1−xGex in the source and drain regions induces
uniaxial compressive strain in the channel of the pMOSFET. The silicon-nitride capping
layer introduces in-plane tensile strain and out-of-plane compressive strain in the nMOS-
FET. Thus, this method can be used to optimize nMOSFET and pMOSFET devices on the
same wafer independently. A drawback of process induced strain is each method is very
sensitive to device layout.
A third way of inducing strain is mechanical, which is presented here. This method
is applied post fabrication, unlike the two techniques mentioned above [45],[46]. Both
uniaxial and biaxial strain can be realized in this manner. Previous work has studied the
effects of uniaxial mechanical strain on MOSFET devices [45]. In this work, the results
56
Figure 39: Conduction band splitting for biaxial strain.
Figure 40: Valance band splitting for biaxial strain after [44].
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of mechanical planar biaxial tensile strain applied to a Si/SiGe HBT BiCMOS technology
are reported. Biaxial strain is known to alter both the conduction and valence bands of
Si. Figure 39 illustrates the biaxial strain induced splitting of the previously degenerate
Si conduction band. The valence band in the in-plane direction is shown in Figure 40.
Here, biaxial tensile strain increases the energy separation between the heavy hole and
light hole bands. The strain alters the shape of valence bands, while leaving the shape of
the conduction bands unchanged [47].
4.2 Strain Effects in Si CMOS
Three fully-integrated BiCMOS technologies were investigated in this study: a 0.50µm,
50GHz peak fT SiGe HBT BiCMOS, the 0.35µm standard Si CMOS on this technology
platform (strained together on the same die for unambiguous comparisons), a 0.50µm epi-
taxial base Si BJT control (fabricated identically in the same wafer lot as the SiGe HBT),
the 0.35µm standard Si CMOS on this technology platform (identical to the Si CMOS on
the SiGe HBT wafer), and a 0.18µm 120GHz peak fT SiGe HBT BiCMOS, with three
distinct 0.18µm Si CMOS device versions [7], [8].
These wafers were diced and thinned to (flexible) membrane dimensions (≤ 25µm
thickness). Planar biaxial strain was achieved by using a novel differential thermal bonding
technique [48], [49], in which the thinned membrane is bonded to a substrate of different
coefficient of thermal expansion (CTE) at high temperature. The biaxial strain is induced as
the bonded pair returns to ambient temperature (see Figure 41). The applied biaxial tensile
strain was calculated to be 0.123%. Pre- and post-strain measurements were carefully made
using an Agilent 4155 Parameter Analyzer.
4.2.1 nFET Results and Discussion
Figure 42 depicts the output characteristics of a 1.8V, high VT , 10×10 µm nFET. Post strain,
there is a 9.52% increase in the saturation current (Isat), as well as a reduction in channel
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Figure 41: Process flow for the planar biaxial strain by differential thermal bonding.
resistance. Figure 43 illustrates the corresponding transfer characteristics for pre- and post-
strain, both on linear and log scales. The post-strain leakage floor increase is believed to
be a measurement artifact in this particular device, and in general there was no observed
change in the leakage floor pre- and post-strain. The pre- and post- strain transconductance
(gm) is shown in Figure 44. As expected from the transfer characteristics, there is a 9.94%
increase in gm after strain. The effective mobility (µeff ) versus effective field (Eeff ) for a
1.8V, high VT , 10 × 10 µm nFET is shown in Figure 45. After strain, the µeff is improved
by 9.54%.










Qi = Cox (VGS − VT ) (24)
where gd is the drain conductance (∂IDS/∂VDS) and Cox is the oxide capacitance. Note
the pre- and post- strain VT was extracted using the peak transconductance technique as
described in Chapter III. The vertical effective electric field was calculated using the fol-





where tox is the oxide thickness.
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Figure 42: nFET output characteristics for both pre-strain and post 0.123% strain.








































Figure 43: nFET transfer characteristics for both pre-strain and post 0.123% strain.
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Figure 44: nFET transconductance for both pre-strain and post 0.123% strain.
The enhanced nFET performance with strain is attributed to the reduction of both the
in-plane effective mass and intervalley scattering [51], [52]. As Figure 39 indicates, biaxial
strain lifts the six-fold degeneracy of the Si conduction band. The energy of the two perpen-
dicular valleys (∆2) is lowered with respect to the four in-plane valleys (∆4). Since elec-
trons prefer to occupy the lowest energy state, they will preferentially populate the lower
energy ∆2 valleys. The inplane effective mass is lower in the ∆2 valleys (m∗ = 0.19mo)
leading to increased electron low-field effective mobility. Another cause of the increase in
electron mobility is the suppression of intervalley phonon-carrier scattering between the ∆2
and ∆4 valleys. The reduction in scattering is also attributed to the conduction band energy
splitting.
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Figure 45: nFET µeff vs Eeff for pre-strain and post 0.123% strain.
The percentage change in Isat and effective mobility (µeff ) versus drawn channel length
for 1.8V (nominal and high VT ) and 3.3V nFET devices are shown in Figures 46 and 47, re-
spectively. We see that the nFET Isat improvement and mobility enhancement due to strain
decrease as channel length decreases. This result is also reflected in the transfer character-
istics, which are not shown here for brevity. Similar trends were observed for the 0.35µm Si
CMOS devices in the 0.50µm Si/SiGe BiCMOS technologies. It has been reported that for
uniaxial tensile strain applied parallel to the direction of carrier transport, the drain current
and mobility are dependent on the channel length, while applied perpendicular strain indi-
cates no dependence on the channel length [53]. In this work, we have biaxial strain which
is the tensor addition of strain applied parallel and perpendicular to the direction of carrier

































































Figure 47: Percent change in µeff as a function of drawn channel length.
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Figure 48: pFET output characteristics for both pre-strain and post 0.123% strain.
dicated by the observed Isat and µeff channel length dependence. The nFET enhancement
due to low level biaxial strain tends to increase with increasing channel length.
4.2.2 pFET Results and Discussion
In Figure 48, the output characteristics of a 3.3V, 10 × 0.5 µm pFET are shown. We see
that the applied strain has decreased the saturation current by approximately 2.93%. Again,
the corresponding pFET transfer characteristics both linear and log scales are presented in
Figure 49. The pre- and post- strain pFET transconductance (gm) is shown in Figure 50.
There is a 4.64% decrease in gm after strain, as expected. Figure 51 depicts effective mo-
bility (µeff ) versus effective field (Eeff ) for a 3.3V, 10 × 0.5µm pFET. The pFET µeff is
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Figure 49: pFET transfer characteristics for both pre-strain and post 0.123% strain.
calculated in the same manor as described in the previous section. The vertical effective





where tox is the oxide thickness. There is a degradation in µeff after strain, which is con-
sistent with the results shown in Figures 48 and 49.
Our results indicate that pFET performance, in general, tends to degrade with this
method of induced tensile biaxial strain. It is instructive to note that pFETs generally re-
quire much larger levels of biaxial tensile strain (1.2%, equivalent to a Ge content of 30%)
before significant mobility enhancement is observed [45]. The level of strain reported here
is 0.123%, far less than the necessary strain level for substantial mobility enhancement.
The degradation observed in pFET mobility is consistent with the results of [54] for low
65



























Figure 50: pFET transconductance for both pre-strain and post 0.123% strain.
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Figure 51: pFET µeff vs Eeff for pre-strain and post 0.123% strain.
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strain levels (≤ 0.52%, ≤ 13% Ge content ). For these low strain levels, the dominant
factor affecting the mobility is the small effective mass variation and the corresponding
band/subband repopulation. However for larger strains, band repopulation caused by large
strain-induced valance band energy shifts and the reduction of interband scattering lead
to the enhancement in mobility [47]. Investigations in pFET strain–channel length depen-
dence were inconclusive. Our results indicate an anomalous shift in pFET threshold voltage
(VT ) after strain in many devices, and thus result is still under investigation.
4.3 Summary
The effects of mechanical planar biaxial tensile strain applied, post fabrication, to Si/SiGe
HBT BiCMOS technology have been investigated. The results indicate that this method
of strain yields enhanced nFET performance and degraded pFET performance. The di-
minished pFET performance is believed to be due to the low level of strain applied in this
method ( 0.123%). A channel length dependence for the nFETs has been observed. The






The purpose of this work was to investigate the effects of radiation and strain in various
SiGe HBT BiCMOS technologies.
The space community is increasingly using COTS parts in spaceborne systems, thus
radiation testing on new commercial technologies is imperative. Chapter III examined the
effects of radiation on various SiGe HBT BiCMOS technologies. The effects of proton and
gamma irradiation on a new commercially-available SiGe technology were examined for
the first time. The results of proton irradiation on a differential SiGe HBT LC oscillator
are also reported to gauge the circuit-level impact. We report that proton induces slightly
more damage in the SiGe HBT operating in forward-mode, as expected. Surprisingly, the
empirical data indicates gamma irradiation creates more damage in the SiGe HBT oper-
ating in inverse-mode. Nonetheless, our findings indicate that the dc, ac, and RF circuit
performance is total dose tolerant up to Mrad-level equivalent total dose. A technology
comparison is drawn between the results of this work and the three other previously re-
ported SiGe technologies. We find that all reported SiGe HBT technologies to date show
acceptable proton radiation tolerance up to Mrad levels.
This chapter also reports on the effects of proton irradiation on the dc and ac properties
of a 130 nm Si CMOS technology. The impact of substrate bias is reported for the first
time. Two different irradiation substrate conditions were used, yielding different results.
The increasing subthreshold leakage current with increasing equivalent total dose is caused
by a combination of two leakage mechanisms, STI edge leakage and GIDL. In the case of
0V irradiation substrate bias, the dominant subthreshold leakage mechanism is STI edge
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leakage. However, GIDL is also present and appears to increase with increasing equivalent
dose. GIDL is the dominant mechanism for the -1.2V irradiation substrate bias condition
and it saturates at high dose. It was observed that the 130 nm CMOS technology inves-
tigated in this work is more radiation tolerant than a previously reported 180 nm CMOS
technology node.
Chapter IV presents the results of the effects of mechanical planar biaxial tensile strain
applied, post fabrication, to SiGe BiCMOS technology. Device characterization was per-
formed before and after strain, under identical conditions. At a strain level of 0.123%,
increases in the saturated drain current as well as effective mobility are observed for the
nFETs. However, there was a post-strain degradation in the pFET performance. This result
is due to the fact that strain-induced performance enhancement in pFETs requires large
amounts of strain.
5.2 Future Directions
In Chapter III, the proton and gamma radiation tolerance of a new commercial SiGe HBT
technology was investigated. The results for the SiGe HBT operating in the inverse-mode
were unexpected, as gamma radiation seemed to cause more damage than proton radiation.
This anomalous result could be due to differences in the proton and gamma dose rates. A
dose rate study on this technology could shed light on this issue. SEU sensitivity is a well-
known issue for SiGe technologies. SEU testing of this technology would be necessary
complete radiation hardness assurance of this commercial offering. Also, neutron testing
could assist in comparing the effects of ionization and displacement damage in this new
technology
Chapter III also reports on the effects of proton radiation on 130 nm CMOS. Two
radiation-induced leakage mechanisms were discussed. However, full 3-D simulations are
necessary to fully understand the leakage dependence on substrate bias and equivalent total
dose.
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Chapter IV examines the effects of strain on Si CMOS in various SiGe BiCMOS tech-
nologies. Many of the pFETs investigated had an anomalous shift in the threshold voltage
post strain. Thus, more experiments are necessary in order to investigate a pFET strain–
channel length dependence for this method of strain. Also, inducing different amounts of
strain would allow for the investigation of the device performance a function of strain.
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